[1] Contaminant-scavenging colloids are mobilized in the vadose zone during infiltration events, characterized by transient flow regimes. In the research reported here we develop a mathematical model in order to investigate the influences of flow transients on colloid mobilization in unsaturated media. The model solves coupled equations for unsteady pore water flow, colloid release, advective-dispersive colloid transport, and redeposition of pore water colloids. The immobile-phase colloid population is discretized into a series of compartments, each of which are assigned a value of critical moisture content (Â cr ) according to a piecewise linear density function. A compartment is activated when the model-calculated moisture content exceeds the Â cr for the compartment, whereupon colloids are released at a rate proportional to the product of the pore water velocity and the colloid concentration within the compartment. We fit solutions of the model equations to data on the mobilization and transport of silica colloids within columns of unsaturated quartz sand. The model accurately reproduces measured pulse-type colloid releases induced by successive step-change increases in flow rate and moisture content. This work illuminates the important role of flow transients in colloid mobilization and, through the derivation of a model that couples pore water flow characteristics with colloid mass transfer kinetics, provides a means for quantifying the phenomenon. 
Introduction
[2] Inorganic colloids mobilized during infiltration events may adsorb contaminants, facilitating their movement through the vadose zone [Vinten et al., 1983; de Jonge et al., 1998; Sprague et al., 2000] . The recognition of the potential importance of colloids as agents of vadose-zone contaminant migration has motivated studies on colloid release and transport through water-unsaturated porous media. Results of field studies demonstrate that soil colloids are released in high concentrations during rainfall events, presumably due to chemical and hydrodynamic perturbations associated with the advancing wetting front [Pilgrim and Huff, 1983; Kaplan et al., 1993; Ryan et al., 1998; ElFarhan et al., 2000] . Once mobilized, colloids move by advection and dispersion and may be redeposited by mass transfer reactions that take place at mineral-grain surfaces and at air-water interfaces.
[3] Mathematical models for colloid transport through unsaturated media solve the advection-dispersion equation, together with coupled kinetics expressions for colloid mass transfer [Corapcioglu and Choi, 1996; Wan and Tokunaga, 1997; Sim and Chrysikopoulos, 2000; Lenhart and Saiers, 2002] . These models have been tested successfully against laboratory data from experiments on the transport of inorganic colloids, bacteria, and viruses under conditions of steady pore water flow [Corapcioglu and Choi, 1996; Schafer et al., 1998; Chu et al., 2001; Gamerdinger and Kaplan, 2001] . Results of these model evaluations demonstrate that first-or second-order rate laws are appropriate for quantifying colloid deposition and that the release of deposited colloids is either negligible or very slow and consistent with a first-order kinetics reaction.
[4] While colloid transport models have been applied in several studies to describe laboratory data collected from steady-flow experiments, no effort has been devoted to testing mathematical models against data on colloid movement under unsteady-flow conditions. Transient-flow regimes, triggered by rainfall, irrigation, or snowmelt, predominate in the shallow vadose zone. The temporal variability in moisture content and pore water velocity that characterize transient flow regimes drives colloid mobilization, accelerating release rates beyond that which would be predicted on the basis of steady-flow experiments [Kaplan et al., 1993; Ryan et al., 1998; El-Farhan et al., 2000] . Variations in moisture content and pore water velocity promote complex colloid-release behavior. The fraction of the porous medium that can contribute colloids to the pore water depends on moisture content, and, owing to nonuniformity in the distribution of deposited colloids, the relationships between colloid release and changes in moisture content and pore water velocity are not constant, but vary over the course of imbibition and drainage [Ryan et al., 1998 ]. Therefore the simple first-order expressions that have been proposed for simulating colloid release under steady-flow conditions cannot, in all likelihood, be applied to simulate colloid release under unsteady-flow conditions.
[5] In this work, we explore the role of flow transients on the fate and distribution of inorganic colloids within partially saturated porous media. We present a new model that accounts for infiltration-induced colloid mobilization, transport, and redeposition. Our model differs from previously published formulations in its treatment of the mobilization process. The model divides the population of immobilephase colloids into compartments, each of which is characterized by a unique value of critical moisture content (Â cr ). A piecewise linear density function describes the distribution in Â cr . Colloids are released from a particular compartment when the model-calculated moisture content exceeds the value of Â cr assigned to that compartment.
[6] We compare calculations of this model to experimental results on the mobilization and transport of silica colloids within columns packed with clean quartz sand. In these experiments, silica colloids, deposited at low water saturations, were mobilized in response to step increases in specific discharge and corresponding increases in moisture content. We measured the spatiotemporal variability in moisture content and capillary pressure head concomitantly with breakthrough concentrations. This detailed characterization of hydrologic properties distinguishes our experiments from previously published experiments on colloid transport during unsteady flow and permits rigorous assessment of our numerical model.
Experimental Methods

Overview
[7] We measured the mobilization and transport of silica colloids in four column experiments. The columns were packed with quartz sand, which was sieved to a size range of 300 mm to 355 mm and cleaned thoroughly with HNO 3 , NaOH, and filtered deionized water. (See Lenhart and Saiers [2002] for details of the cleaning procedure.) The treated sand did not remove detectable quantities of silica colloids from low ionic-strength pore water in water-saturated column experiments [Lenhart and Saiers, 2002] ; therefore the use of this media in unsaturated column experiments permits the effects of the air phase on colloid mass transfer to be isolated.
[8] Each experiment consisted of three stages. Stage 1 involved draining a water-saturated column and establishing a steady and uniform moisture content within the sand pack. The moisture content and pore water velocity established in stage 1 were maintained throughout stage 2, when colloids were deposited within the sand pack during a pulse-type injection of silica colloids. Colloids retained within the sand pack during stage 2 were mobilized in stage 3 by sequential increases in volumetric moisture content (Â), which were induced by elevating the column inflow and outflow rates. Lenhart and Saiers [2002] report the analysis of the breakthrough curves measured during stage 2 of these experiments. In the work reported here, we focus on the colloidmobilization phase (stage 3) of the experiments.
[9] The steady state moisture content at which the colloids were deposited within the columns (Â dep ) equaled 0.09 for all experiments. The experimental treatments are distinguished by the manner in which the columns were manipulated to achieve Â dep . A saturated column was drained directly to Â dep in the replicate drying-type experiments (D1 and D2), while a column was drained to its residual moisture content (Â res % 0.04) before reimbibing to Â dep in the replicate imbibing-type experiments (I1 and I2). Owing to hysteresis in the K-Â relationship, the specific discharge recorded during stage 2, when colloids were deposited within the column, was considerably lower in I1 and I2 than in D1 and D2 (q dep , Table 1 ). These betweentreatment differences in q dep led to substantially higher accumulations of immobile-phase colloids in the imbibing experiments than in the drying experiments [Lenhart and Saiers, 2002] .
Column Design
[10] Lenhart and Saiers [2002] describe the column construction and instrumentation in detail; we summarize that description here. For each experiment, fresh sand was wet-packed in an acrylic column measuring 12.7 cm in diameter and 32.8 cm in length. Probes for measuring volumetric moisture content (ML2x Thetaprobe, Delta-T Devices Ltd.) and tensiometers (consisting of ceramic cups (2100-200CR-B1M3, Soil Moisture Corp.) connected to differential microtransducers (26PCAFA6D, Honeywell/ Microswitch)) for measuring capillary pressure were inserted at 7.7, 16.4, and 25.1 cm from the top of the column. Data from the moisture-content probes and tensiometers were collected continuously using a datalogger (DL2e, Delta-T Devices, Ltd.). Peristaltic pumps (ColeParmer Instrument, Co.) at the column inlet and outlet regulated the sand-pack moisture content and controlled the downward flow of water and colloids through the column.
Column Experiments
[11] The sand pack, saturated with an electrolyte solution of 0.84 mM NaCl and 0.16 mM NaHCO 3 , was drained directly to Â dep in the drying-type experiments (D1 and D2) or drained to its residual moisture content before reimbibing to Â dep in the imbibing-type experiments (I1 and I2). Approximately 12 hours were required to establish Â dep , whereupon a unit gradient in hydraulic head was maintained by equalizing the inflow and outflow rates of the electrolyte solution (see q dep in Table 1 ).
[12] Once the column moisture content stabilized at 0.09 and the effluent pH matched the influent pH of 7.4, we initiated stage 2 by applying a 100-mg/L suspension of silica colloids (MP-3040, Nissan Chemical Industries) to the top of the column. The silica colloids were suspended in the NaClNaHCO 3 solution and had a mean diameter and electrophoretic mobility of 360 nm and À3.62 Â 10 À8 m 2 s À1 V
À1
, respectively. Water samples were collected at regular intervals from the base of the column during the colloid injection and analyzed for colloid concentrations by measuring the total extinction of light at a wavelength of 350 nm with an UV/visible spectrophotometer (DU 520, Beckman).
[13] Following application of 3.5 L of the silica suspension, a particle-free solution with the same chemical composition as the colloid suspension was introduced to the top of the column. This particle-free flush was applied without perturbing the flow rate or the moisture content in order to guard against mobilization of colloids retained within the sand pack during the period of colloid injection. The steady application of particle-free water was maintained for a period of five pore volumes, though effluent colloid concentrations returned to baseline levels shortly after one pore volume.
[14] We initiated stage 3, the colloid mobilization phase of the experiment, by increasing the specific discharge at the top and bottom boundaries of the column in four steps. Each increase in flow rate promoted corresponding increases in moisture content (registered at three moisture-probe locations along the column) and a pulse-type elution of colloids (measured in water samples collected from the base of the column). Steady and uniform flow conditions were reestablished following a particular flow rate change before initiation of the next flow increase.
Conceptual Model for Colloid Transport and Mass Transfer
[15] Colloids moving within unsaturated porous media are transmitted through water-filled pores, as well as through liquid-filled corners of angular pores and through thin films of water that surround the mineral grains. During this transport, mass transfer interactions with the air and solid phases lead to immobilization of pore water colloids. We hypothesize that air-water interface capture and straining immobilized silica colloids applied to the columns during our experiments (which were designed to minimize colloid deposition onto the solid phase).
[16] Air-water interface capture occurs when a colloid traveling freely through a thick tubule of water (e.g., large corner-water duct), collides with an insular air bubble, ruptures its surface, and is held at the air-water interface by capillary forces. The effectiveness of air-water interface capture as an immobilization mechanism increases with the hydrophobicity of the colloid surface and ionic strength of the pore water [Wan and Wilson, 1994] . Given that silica colloids have hydrophilic surfaces and the pore water ionic strength in our experiments was low (0.001 M), we believe that the mass of colloids retained within the columns by airwater interface capture was small, especially in relation to the mass of colloids retained by straining.
[17] Straining in unsaturated porous media occurs within thin films of water and within corner-water ducts that are too narrow to effectively transmit the colloids [Wan and Tokunaga, 1997; Lenhart and Saiers, 2002] . When the dimensions of the water conduits exceed those of the colloids, straining remains ineffective; however, when the dimensions of the water conduits are similar to or less than those of the colloids, surface tension retains colloids against the mineral grain surfaces. The thickness of water films and the cross-sectional area of corner ducts decline gradually as the capillary pressure head becomes more negative [Tuller et al., 1999; Tuller and Or, 2001] , so the efficiency of colloid removal by straining increases as the volumetric moisture content declines [Wan and Tokunaga, 1997; Lenhart and Saiers, 2002] .
[18] While colloid mass transfer is irreversible or very slowly reversible when pore water flow and chemistry are steady [Chu et al., 2001; Lenhart and Saiers, 2002] , increases in moisture content promote rapid release of colloids into the pore fluid [Kaplan et al., 1993; El-Farhan et al., 2000] . In our experiments, where straining presumably represents the key mode of colloid retention, immobile silica colloids should be released into the pore fluid as thin films and corner-water ducts expand during imbibition. Owing to variability in the roughness, shape, and packing of the mineral grains, the dimensions of the corner-water ducts and thin films vary between pores and, during periods of unsteady flow, respond nonuniformly to changes in capillary pressure and corresponding changes in bulk water content. Therefore we expect colloid release from expanding pore water conduits to be distributed over a range of moisture contents.
Mathematical Model
Overview
[19] We present the equations for a numerical model that couples transient pore water flow with the mobilization, transport, and redeposition of mineral colloids in waterunsaturated porous media. The model equations are consistent with our conceptualization of the mechanisms responsible for the mass transfer of silica colloids in our column experiments. We assume that straining within thin films and corner-water ducts represents the principal mechanism of colloid retention and that increases in moisture content leads to expansion of these flow pathways and the subsequent release of colloids into the mobile phase. We neglect silica-colloid attachment to the sand, which is a reasonable simplification given that the silica colloids do not exhibit a measurable affinity for the quartz sand in water-saturated column experiments. While the assumption of an inert solid phase is appropriate for our experiments, the model can be amended to account for reactions at solidwater interfaces through the addition of a rate law for the temporal change in solid-phase concentrations.
Equations for Pore Water Flow
[20] The one-dimensional form of the Richards' equation is used to describe the unsteady flow of water through our laboratory columns: where c Ψ ð Þ ¼ dÂ dΨ , Ψ is the capillary pressure head (cm), Â is volumetric moisture content, K is the hydraulic conductivity (cm min À1 ), t is time (min), and z is the coordinate parallel to flow (cm). We employ the BrooksCorey expressions to specify the nonlinear relationships between Â and Ψ and between K and Ψ Corey, 1964, 1966] :
and
where Â res is the residual moisture content, n is porosity, Ψ b is the bubbling pressure (cm), K sat is the hydraulic conductivity of the water-saturated porous medium (cm min À1 ), and l is a medium characteristic parameter. The solution of (1) - (3) yields Ψ as a function of z and t. Given the Ψ-based solution to the Richards' equation, Â can be calculated from (2) and the specific discharge, q (cm min À1 ), can be calculated from Darcy's equation.
Equations for Colloid Transport and Mass Transfer
[21] The spatiotemporal distribution in Â and q links the equation for the flow of water with the equation for colloid transport. The one-dimensional form of the equation for colloid transport is expressed as
where C is the aqueous-phase colloid concentration (mg L
À1
), r b is the bulk density of the sand (g L
), S T is the total concentration of immobile colloids (expressed as mg of colloids per g of sand), and D is the hydrodynamic dispersion coefficient (cm 2 min À1 ). This advection-dispersion equation is coupled with an equation for the time-rateof-change in immobile-phase colloid concentrations, which depends on the difference between colloid deposition and release rates.
[22] We derive this expression under the assumption that the immobile colloid population can be discretized into a series of compartments, each of which exhibits a unique colloid-release response to perturbations in Â. The temporal change in the total concentration of immobile colloids is expressed as
while the temporal change in colloid concentrations associated within the ith compartment is given by
where NC is the number of compartments, S i is the concentration of colloids held within the ith compartment (mg g À1 ), k f is a rate coefficient for colloid removal by straining (min À1 ), and a i is a rate coefficient for colloid release from compartment i (min À1 ).
[23] The first term on the right hand side of (6) expresses the rate of colloid straining as first-order kinetics process or, in other words, as a linear function of C. We find that a dual rate-law model that incorporates a second-order kinetics term, in addition to the first-order kinetics term shown in (6), best describes colloid removal under unsaturated, steady-flow conditions [Lenhart and Saiers, 2002] . Nevertheless, the first-order reaction dominates colloid removal and hence the second-order kinetics term can be neglected without significantly jeopardizing the description of the mass transfer process. We assume a uniform distribution in k f values across all NC compartments; however, we account for variations in k f with changes in Â and the average pore water velocity, v (= q/Â). By analyzing breakthrough data from steady-flow experiments on silicacolloid transport through unsaturated quartz sand, we derived an empirical relationship appropriate for quantifying the dependence of k f on Â and v [Lenhart and Saiers, 2002] :
where m and N (cm À0.5 min À0.5 ) are empirical parameters.
[24] Colloid release from a particular compartment depends on the relationship between Â and the characteristic value of critical moisture content assigned to that compartment:
where Â cr i is the critical moisture content associated with compartment i, and k and N 2 (cm Àk min kÀ1 ) are empirical coefficients that quantify the kinetics of colloid release. Inspection of (8a) and (8b) reveals that a compartment releases colloids only if Â is greater than or equal to the compartment's critical moisture content. When a compartment is activated (i.e., for Â ! Â cr i ), the mobilization rate varies with velocity and is first order in S i .
Distribution in Critical Moisture Contents
[25] We treat Â cr as a continuously distributed parameter, with a density b(Â cr ), which satisfies the general condition
The cumulative density for an arbitrary interval [Â res , Â b ] is found by integrating b(Â cr ), such that
while the total density is expressed as
[26] We assign a piecewise linear shape to the cumulative density function for Â cr , based on the approach that Hollenbeck et al. [1999] proposed for representing distributions in rate coefficients for solute desorption. A vector of 'anchor' critical moisture contents, Â cr a , separates the linear sections of the distribution (Figure 1 ). The cumulative densities at the anchors, B Â cr a ð Þ, are found by optimization, and the entire distribution is defined through linear interpolation between the elements of B Â cr a ð Þ. We describe the methods used to identify the optimal number of anchors and to estimate the cumulative densities associated with each anchor in section 5.2.
Numerical Solution Methods
[27] We implement the implicit finite difference method of Berg [1999] to solve the pore water flow equations ((1) -(3)), subject to specified-flux boundaries at the top and bottom of the column. This mass-conservative iterative scheme employs a fixed time step and achieves convergence through a gradually increasing under-relaxation technique [Berg, 1999] . An implicit finite difference scheme [Remson et al., 1971] is used with calculations of q and Â (obtained from flow-equation solution) to solve the linear equations for colloid transport and mass transfer. The boundary and initial conditions associated with the transport and mass transfer equations are
where L is the column length and S T i is the total initial concentration of immobile-phase colloids, which may vary with depth in the column. Equation (12d) reflects our assumption that, for any z, the initial concentration of immobile-phase colloids is distributed uniformly across all NC compartments. The flow and transport equations, together with their corresponding initial and boundary conditions, are solved using a nodal spacing and time step size of 0.325 cm and 0.25 min, respectively. Further reductions in the time step and nodal spacing have no discernible effect on either the flow or transport solutions.
[28] The continuous, piecewise distribution function for Â cr must be discretized into NC compartments to permit numerical solution and to be compatible with equation (6). As NC increases, the discretized form of the distribution function converges to the true, continuous form of the function [Hollenbeck et al., 1999] . Results of preliminary model simulations showed that the continuous distribution could be closely approximated with 20 discrete compartments (i.e., NC = 20); however, all simulations reported in this work were conducted with NC = 60 to ensure accurate representation of the continuous distribution.
Estimation of Model Parameters
Parameters for Pore Water Flow
[29] Estimates of K sat , Ψ b , and l, which are required to solve the Richards' equation for transient pore water flow, were determined through inversion. That is, we employed the Levenberg-Marquardt method [Press et al., 1989 ] to minimize an objective function, defined as the sum-of-thesquared residuals between measurements of Â and Ψ (taken through time at three locations along the column) and corresponding model calculations of Â and Ψ. In these inverse simulations, n, determined from the saturated column pore volume, and Â res , determined from the sand-pack moisture content at a capillary pressure head of À60 cm, were set to 0.34 and 0.04, respectively.
Parameters for Colloid Mobilization and Transport
[30] Colloid release depends, in part, on the initial concentrations of immobile-phase colloids (i.e, S T init z ð Þ in (12d)). We estimated S T init z ð Þ by fitting solutions of an advection-dispersion equation, modified to account for dual-rate mass transfer kinetics, to the breakthrough data collected during stage 2 of the experiments, when silica colloids were applied to the surface of the column under steady-flow conditions. (See Lenhart and Saiers [2002] for a description of the dual-rate law model and comparisons of modeled and experimental results.) The dual-rate law model reproduced the breakthrough curves nearly exactly, indicating that the mass of colloids retained within the columns at the end of the steady-flow period was represented accurately. In the columns prepared by imbibing (I1 and I2), total initial concentrations (i.e., S T init z ð Þ) decreased nonlinearly from 0.018 mg/g at the column top to 0.014 mg/g at the column bottom. Initial immobile-phase concentrations were substantially lower in columns equilibrated by drying (D1 and D2) and exhibited a weaker depth dependence, varying from 0.012 mg/g at the column top to 0.01 mg/g at the column base. More colloids were deposited in I1 and I2 because the steady state specific discharge (q dep in Table 1 ) that yielded the target moisture content (Â dep = 0.09) was lower in these experiments. [31] The parameters N 2 and k quantify the dependence of colloid-release kinetics on pore water velocity, while the distribution in Â cr defines the relationship between moisture content and the mass of deposited colloids that is eligible for mobilization. We set k equal to unity, which served to reduce the number of adjustable parameters and is consistent with our assumption that colloid release varies linearly with pore water velocity. Values of N 2 and the anchor cumulative densities of the Â cr distribution B Â cr a ð Þ ð Þwere determined from the data on silica-colloid release by nonlinear least squares estimation.
[32] We initialized the least squares estimation procedure with a coarse model, characterized by five to six evenly spaced anchors (Figure 2 ; Five-Anchor Distribution). The low-end anchor was positioned on the Â cr axis at Â dep and assigned a cumulative density of zero (i.e., B Âcr<Âdep ½ ¼ 0), reflecting our assumption that colloids are released only when Â exceeds Â dep . The maximum model-calculated Illustration of model refinement. The coarse model, with five anchors, is refined by removing redundant anchors. In this example, the three-anchor distribution minimizes the BIC and hence is identified as the most appropriate model. The synthetic data were generated by spoiling the breakthrough colloid concentrations calculated by the true model, which, for this example, is the model governed by the three-anchor distribution. Four sequential increases in column flow rate (and corresponding increases in moisture content) induced the pulse-type colloid breakthroughs. [33] According to the recommendations of Hollenbeck et al. [1999] , we refined this coarse model in an iterative process, initiated by removing the anchor for which the estimated B Â cr a ð Þ was nearest the cumulative density that followed from linear interpolation between neighboring points of B Â cr a ð Þ (Figure 2) . For the reduced set of anchors, Â 0 cr a , the least squares estimation was repeated, and a new optimal set of anchor cumulative densities, B Â cr a ð Þ 0 , was found. We compared the reduced model to the model with one more anchor in terms of the Bayesian Information Criterion (BIC), a statistical index that balances the goodness of model fit against the number of adjustable anchors [Schwarz, 1978; Wasserman, 2000] :
where m equals the number of effluent-concentration measurements, C i and C obs i are the ith model-calculated and observed effluent concentrations, respectively, s is the standard deviation of the measurement error, p is the number of adjustable anchors, and r is the number of adjustable nonanchor parameters. The first term on the right-hand side measures the goodness of fit of the model to the data, while the second term penalizes the model according to its complexity (expressed as the number of adjustable parameters, p + r). If the BIC for the reduced model exceeded the BIC for the model with one more anchor, the reduced model was rejected. If the converse was true, the reduced model was selected as most appropriate, subject to its evaluation against an even simpler model with one less anchor. The procedure of anchor elimination and model selection was repeated until the model that minimized the BIC was identified (Figure 2 ).
[34] The remaining parameters quantify the hydrodynamic dispersion and straining of pore water colloids. We set the hydrodynamic dispersion coefficient (D) equal to the product of the longitudinal dispersivity (A L ) and the average pore water velocity (v) and estimated A L from bromide breakthrough data collected from steady-flow experiments in the quartz-sand columns (see Lenhart and Saiers [2002] ). Over the range of moisture contents tested (0.09 to 0.17), A L varied with no discernible trend between 0.54 cm and 0.91 cm and averaged 0.75 cm. Modeled breakthrough exhibits little variation for this range in A L ; therefore we used the average value of A L in the transient-flow simulations. Two parameters (m and N) are used in equation (7) to compute k f , the rate coefficient for colloid straining. We set m equal to 0.49 and N equal to 5.2 Â 10 À3 cm
, values appropriate for quantifying silica-colloid deposition by straining in steady-flow experiments at moisture contents ranging from 0.09 to 0.17 [Lenhart and Saiers, 2002] .
Experimental Results and Model Simulations
Pore Water Flow
[35] After the silica colloids were loaded into the columns and the columns were flushed with particle-free water under steady-flow conditions, the specific discharge at the column boundaries was adjusted in four steps to induce transients in flow. Measurements of specific discharge (made at the column top and bottom) increased from q dep (0.010 cm min À1 -0.019 cm min À1 ), prior to initiation of the first flow rate adjustment, to near 0.50 cm min
À1
, following the fourth flow rate adjustment (Figures 3a, 3b, 4a and 4b) . For each change in specific discharge, moisture contents registered at 7.7 cm, 16.4 cm, and 25.1 cm from the column top increased by 0.01-0.04 and then converged to near-equal values, signifying the rapid reestablishment of uniform flow conditions within the column (Figures 3c, 3d, 4c, and 4d) . During peak-flow periods near the end of the experiments, Â approached 0.2, which is well below the saturated moisture content (n = 0.34), but more than two-fold greater than Â dep (=0.09).
[36] Values of K sat , Ψ b , and l, estimated by running the flow model in inverse mode, differ between experimental treatments (Table 1) . Substitution of the best fit values of K sat , Ψ b , and l into (2) and (3) reveal that for a given Ψ, both Â and K are higher in magnitude for D1 and D2 than for I1 and I2. This dependence of the Â-Ψ and K-Ψ relationships on wetting history is commonly referred to as hysteresis and has been reported in numerous other studies [Topp, 1969; Poulovassillis and Childs, 1971] .
[37] For both experimental treatments, the flow model mimics the measured moisture-content response to changes in specific discharge with good success, although small discrepancies between experimental and modeled results are apparent, especially during the early stages of experiments D1 and D2 (Figures 3c, 3d, 4c, and 4d) . The modeldata mismatch suggests that the Brooks-Corey equations (i.e., (2) -(3)) are not fully appropriate for quantifying the relationships between the hydraulic properties of the quartz sand. In an attempt to narrow the gap between modeled and measured Â, we reformulated the model to use the Â-Ψ-K relationships derived by van Genuchten [1980] in place of the Brooks-Corey expressions. This modification did not improve model-data agreement, however. While we cannot resolve the small differences between observed results and those calculated by (1) -(3), the spatiotemporal variability in pore water flow is quantified with sufficient accuracy to rigorously evaluate the model for colloid release and transport.
Colloid Mobilization and Transport
[38] Each flow rate induced increase in Â mobilized a slug of silica colloids that traveled through the columns as a pulse (Figures 3e, 3f, 4e, and 4f ) . Upon initiation of a flow perturbation, effluent concentrations rose contemporaneously with Â, peaking shortly after Â restabilized within the column. Peak concentrations associated with each breakthrough pulse decreased as the number of flow perturbations in a given experiment increased and were greater for I1 and I2 than for D1 and D2. Colloid concentrations declined from peak levels gradually, but, in every instance, returned to near-zero values before the onset of the next flow perturbation.
[39] Mass balance calculations illustrate that the proportion of colloids released depended on the wetting history of the sand pack. Sixty one percent (73.5 mg) of the deposited colloids were mobilized after four flow perturbations in I1 and I2, while only 45% (37 mg) of the deposited colloids were mobilized after four flow perturbations in D1 and D2. These mass balance calculations reveal that the susceptibility for colloid release varied inversely with q dep , which was substantially lower in I1 and I2 relative to D1 and D2 (Table 1) .
[40] We find good agreement between observed colloid concentrations and those calculated by the model for colloid release and mass transport (Figures 3e, 3f, 4e, and 4f ) . In each experiment, the model matches the measured cycles of colloid production and depletion and quantifies the timing and magnitude of the pulse-type breakthroughs with reasonable accuracy. Values of R 2 , a normalized measure of the goodness of model fit to the data, range from 0.90 to 0.93 (Table 1) .
[41] The inverse results demonstrate that the Â cr distributions most appropriate for quantifying colloid release exhibit simple shapes and can be specified with one or two adjustable anchors. The model yielding the minimum BIC for I1 and I2 incorporated two adjustable anchors (Figures 5a and 5b and Table 1 ). Low Â cr values received the greatest weight in these two adjustable-anchor distributions, such that the density of compartments with Â cr 0.12 exceeded the density of compartments with 0.12 Â cr Â max . Therefore increases in Â from Â dep to 0.12 activated more compartments and mobilized more colloids than increases in Â from 0.12 to Â max . For D1 and D2, a model with one adjustable anchor, placed on the Â cr axis at Â max , yielded the lowest BIC (Figures 5c and 5d and Table 1 ). The linearity of these one adjustable-anchor distributions indicates that Â cr is distributed uniformly between Â dep and Â max , or, in other words, the mass of colloids released per unit change in moisture content is constant between Â dep and Â max . [42] The cumulative distributions for I1 and I2 cover a greater range in Â cr than those for D1 and D2, which reflects between-treatment differences in maximum modelcomputed moisture contents (Â max , Table 1 ). In D1 and D2, where Â max = 0.18, the optimal Â cr distributions indicate that an increase in sand-pack wetness from Â = 0.09 to Â = 0.18 activated slightly less than 60% of the colloid-release compartments (Figures 5c and 5d ). Moisture contents computed for the fourth flow perturbation of I1 and I2 approached 0.28 in a 2-cm region above the column base. (This model-simulated area of high moisture content lay beneath the position of the bottom moisture probe, so it could not be verified experimentally.) Owing to the comparatively high values of Â max , nearly the entire Â cr distribution could be estimated for I1 and I2 (Figures 5a  and 5b) . The optimal distributions for this treatment show that 0.98 B [0.09, 0.28] 1, and thus the model predicts virtually complete colloid release from the lower portion of the column where Â reached 0.28.
[43] The favorable match between experimental and modeled breakthrough curves supports our assumption that colloid mobilization can be quantified with a first-order kinetics equation that expresses the rate coefficient for colloid release (a i ) as a linear function of pore water velocity (v). The parameter N 2 links a i to v, such that increases in N 2 raise the rate of colloid entry into the pore water and sharpen the colloid pulse associated with the advancing wetting front. Best fit values of N 2 show little within-treatment or betweentreatment variation, ranging from 0.32 to 0.38 cm À1 (Table 1 ). The reciprocal of the product of N 2 and v defines the timescale for mobilization (a
À1
). In experiment D2, where the most extreme flow rate variation was measured, a À1 ranged from 35 min at the beginning of the experiment, when v equaled 0.079 cm min
, to 1 min at the end of the experiment, when v equaled 2.72 cm min
. These timescales for release are at least two orders of magnitude shorter than those estimated from steady-flow experiments in unsaturated media [Corapcioglu and Choi, 1996; Schafer et al., 1998 ]. [44] Compared to our estimates of a
, the timescales for silica-colloid deposition (k f
) are considerably greater in magnitude. In experiment D2, for example, k f À1 varied from 1250 min after the onset of the first flow transient to 385 min following initiation of the final flow transient. The comparatively long deposition timescales led to negligible redeposition of mobilized silica colloids. In fact, colloid breakthrough curves calculated assuming no redeposition are virtually identical to those calculated assuming that deposition rates vary with pore water velocity and moisture content according to equation (7). These results suggest that deposition by straining plays a limited role in colloid migration during transient-flow periods of increasing volumetric moisture content.
Conclusions
[45] Results of our column experiments illuminate a close link between the magnitude of the moisture-content change recorded during an imbibing event and the fraction of immobile-phase colloids made eligible for mobilization. Traditional modeling approaches that treat immobile colloids as a homogeneous population cannot account for this linkage. We developed a new model that incorporates heterogeneity in release characteristics by distributing immobile colloids across compartments. Each compartment is assigned a critical moisture content (Â cr ) according to a piecewise linear distribution function and releases colloids when its Â cr is exceeded. Results of the inverse simulations reveal a parsimonious colloid-release parameterization, characterized by a single mass transfer coefficient (N 2 ) and one or two adjustable anchors that constrain the shape of the Â cr distribution.
[46] Calculations of the mathematical model do not match the data exactly. Increasing the number of adjustable anchors fails to improve the model fit, so the unexplained variation in the data cannot be attributed to misspecification of the Â cr distribution. Colloid mobilization from activated compartments may be a more complex function of pore water velocity (v) than depicted by our model. For the simulations reported here, we assigned a value of unity to k, the constant in (8b) that links colloid release rates (quantified by a i ) to v. We let k vary about unity in additional inverse simulations, but this did not narrow the discrepancies between modeled and experimental breakthrough concentrations. This lack of improvement in model performance suggests that the power law equation given by (8b) is not fully appropriate for quantifying the dependence of a i on v or, perhaps, that a i for activated compartments depends on volumetric moisture content (Â), as well as on v. Although we have no alternative expression to (8b) that closes the gap between computed and observed results, the Table 1. present model formulation (with k = 1) approximates the kinetics of colloid release measured over a seven-fold variation in v and a two-fold variation in Â remarkably well.
[47] The defining characteristics of silica-colloid breakthrough (large initial colloid releases with the passage of the wetting front, followed by the depletion of the supply of releasable colloids) are mirrored in field-scale infiltration experiments on unsaturated soil profiles [Kaplan et al., 1993; Ryan et al., 1998 ]. Our approach for distributing the colloid mobilization response will be equally as applicable to natural vadose-zone environments, where heterogeneity in geologic materials leads to pore-scale variations in flow regime, which, in turn, translate to a distribution in moisture contents for colloid release. Simulation of colloid fate and transport in the field will undoubtedly rely on mathematical models of greater complexity than the one presented here; however, the structure of our model should serve as a foundation from which to develop quantitatively based models appropriate for real-world geologic systems.
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